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Abstract

The seismic site effect which is controlled by local geological conditions is a key parameter of seismic
hazards analysis. This paper presents an observational study of microtremor data to investigate the dynamic
characteristics of soil in the Chiang Mai basin (Chiang Mai and Lumphun province), Northern Thailand.
The Chiang Mai basin was formed on terrace sediments and alluvium sediments. The horizontal vertical
spectral ratio (HVSR) analyses of ambient noise data at 101 sites in the basin were analyzed for an average
smoothed HVSR curve to estimate the amplification factor and fundamental resonance frequency of each
observation point. We also evaluated the shear wave velocity using the HVSR inversion technique based
on the diffuse field assumption. Tests undertaken include a comparison of the HVSR of a significant
earthquake that was detected at stations in the basin and a nearby bedrock site. The results indicate that the
resonance frequency ranges between 0.15 - 0.4 Hz at sites having large thicknesses of soft sediments. The
lowest resonance frequencies occur in the center of the basin, whereas higher resonance frequencies were
observed in the areas of the shallowest bedrock in the west and east of the basin. It can be inferred that the
western margin of the Chiang Mai basin is a steep slope, while the eastern margin of the basin is a low-
angle west-dipping basement. The amplification factor ranges between 3 - 5 times, in the middle of the
basin. Most of the Chiang Mai basin area is classified as site D soil (stiff soil) relative to alluvium sediments,
and a region of class C soil (very dense soil) conforms to the terrace sediments located on the eastern edge
of the basin. The soil classification is based on shear wave velocity (Vs30) determined by HVSR inversion.

Keywords: Site effect, Amplification of ground motions, Fundamental frequency, Seismic microzonation,
Chiang Mai basin, Thailand, HVSR inversion

Introduction

Chiang Mai, a major city in northern Thailand, is situated within a sedimentary basin (Figure 1).
There have been small and moderate earthquakes reported in the Chiang Mai region over the past several
years. In addition to earthquakes in Thailand, there are moderate and strong earthquakes nearby in
Myanmar, which have been felt in Chiang Mai and have produced some damage.

The Chiang Mai basin is primarily affected by earthquakes in the Mae Tha Fault Zone (Figure 1),
which also includes some hidden faults in the basin area [1]. The 2 main faults of the fault zone extend
along the east and the west sides of the Chiang Mai Basin. The S-shaped fault system that bounds the basin
to the east of Chiang Mai, includes the Nam Mae Lai fault segment which is a normal fault. The Doi-Sa-
Ket fault segment located to the west is a right-lateral strike-slip fault and the Mae Tha fault further south
is a left-lateral strike-slip fault segment. On the western edge of the basin, there are 2 fault segments, the
Mae Rim Fault, which is a normal fault, and the Mae Wang Fault segment, which is a left-lateral strike-slip
fault (Figure 1).

The seismicity of Chiang Mai and surrounding regions during the period 1922 - 2023, reported by the
Thai Meteorological Department (TMD), shows earthquakes occur mostly at shallow depths within the
basin (Figure 1). Most earthquakes that have occurred in the Chiang Mai basin have a magnitude of less
than 3.0. The largest earthquake to occur in this area is magnitude 5.1 ML, which occurred in the Mae Rim
district (red star in Figure 1), 16 kilometers away from the city of Chiang Mai on 13 December 2006. It
caused severe damage throughout the Chiang Mai basin.
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Figure 1 Seismicity in Chiang Mai basin and surrounding areas during 1922 - 2023. The faults shown are
active faults provided by the Department of Mineral Resources (DMR). The seismicity data are reported
by the Thai Meteorological Department (TMD).

The North-South trending Chiang Mai basin is the largest Cenozoic rift basin in northern Thailand
[2], within the Chiang Mai and Lamphun provinces. Geologic mapping [3] indicates that it is filled by
tertiary and quaternary (Qt) and alluvium (Qa) sediments bounded by mountain ridges as shown in Figure
2. These unconsolidated sediments were deposited relatively recently by streams or other bodies of running
water, potentially associated with the Ping River and Kuang River that flow through the Chiang Mai and
Lamphun area from north to south. Gravity and seismic studies indicate that Cenozoic sediments in the
Chiang Mai basin are up to 2.5 km thick [4]. A vertical electrical sounding survey conducted by
Mankhemthong ef al. [5] in the eastern Chiang Mai basin shows that the sediment layer thickens westward
into the central Chiang Mai basin, increasing from 17 m in the east to greater than 500 m in the basin center.
The NEHRP site classification map of Chiang Mai City determined from the multichannel analysis of
surface waves (MASW) method found that Chiang Mai City is mostly situated on Class D soil (249 - 360
m/s) [6]. Regions on the west side of the Ping River have higher Vs30 than on the east side of the river.
Thitimakorn and Raenak [7] performed studies of MASW in Lumphun City, with the results showing that
the Lumphun City area is located on class D soil (east, north, and west parts) and class C soil in the central
and southern parts; with soil amplification between 1.4 to 2.8. Thamarux et al. [8] studied the soil
classification in the Chiang Mai, Chiang Rai, and Lamphun regions based on geomorphology and the Vs30
determined from the spatial autocorrelation (SPAC) method. Their results show that most of the Chiang
Mai basin has NEHRP class D soil with the edge of the basin class C. Poovarodom et al. [9] determined
the Vs30 to be less than 290 m/s in the middle of the Chiang Mai basin, from an inversion using the
Centerless Circular Array method [10].

Site effects are a common cause of seismic ground motion amplification at the fundamental frequency
of the unconsolidated sediments. This can increase the damage from an earthquake and is very important
in regions containing a thick layer of unconsolidated sediments, such as in the Chiang Mai basin. This
research is focused on determining the seismic microzonation of the Chiang Mai basin area to investigate
the dynamic characteristics of soil in order to assess the potential effects of earthquake shaking. We use
microtremor measurements at 101 survey points covering the Chiang Mai and Lumphun provinces using
the horizontal vertical spectral ratio (HVSR) technique [11]. This is a well-used investigation tool for
seismic microzonation and earthquake site characterization, convenient to implement and cost-effective. In
the previous 5 years, HVSR surveys were widely used to study the subsurface structure of different areas
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(e.g., [12-19]). The utilization of this technique also be used to obtain other subsurface features, such as for
groundwater surveys [20, 21].

The results of this study provide amplification and fundamental frequency maps, which were
compared to earthquake HVSR of large earthquakes recorded by seismic stations in the Chiang Mai basin
and on a rock site close to the basin. The maps of average shear wave velocity in the upper 30 m is
determined through an inversion of HVSR, which is used to classify soil types according to the National
Earthquake Hazard Reduction Program (NEHRP) [22] classification, for seismic hazard planning in terms
of mitigation and response in Chiang Mai basin.
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Figure 2 Geologic map of the Chiang Mai basin and surrounding area including the Mae The active fault
zone [3].

Materials and methods

Microtremor measurements

We used a SARA SL-06 24 bit A/D datalogger connected to a SS-05 tri-axial velocity seismometer
with a natural frequency of 0.5 Hz (2 s) and sensitivity of 400 V/m/s, this sensor is appropriate for the
HVSR survey because its sensors have high stability, robustness and can withstand tilting.

Most (60 %) of the survey points are in temples, appropriate for this analysis because they are built
on old soil that has not been reclaimed and are generally in quiet areas. We particularly selected sites on
temple grounds near the base of the old ordination hall or pagoda. An example of a field survey site is
shown in Figure 3(a). Other survey points were located at government offices, schools, and public parks.
The sensors were placed far away from any transient noise sources on soil, a concrete base, or a precast
concrete slab, which is well coupled to the underlying ground. We covered the sensor with a plastic case to
prevent effects from sunlight and wind. The distance between survey points in the Chiang Mai central city
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is approximately 1 - 2 km and in other areas in the basin of about 5 - 6 km on average. The duration of data
collection at each survey point is approximately 1 - 3 h, depending on the time and place.
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Figure 3 (a) Field installation of equipment at survey point 15, which is placed near the old pagoda base in
the area of Wat Chiang Man temple in downtown Chiang Mai. (b) Raw waveform data triggered by the
STA/LTA ratio for each 60-s window segment, which also shows the transient signals that have been
eliminated, and (c) The HVSR curve for each segment and average (red curve), which indicates the
fundamental frequency at 0.28 Hz and an HVSR amplification of 5.4.

HVSR analysis

The HVSR method allows us to obtain subsurface information from single station measurements [11]
and consists of estimating the ratio between the Fourier amplitude spectra of the horizontal (H) to vertical
(V) components for several time windows of ambient noise recorded to produce a smoothed HVSR curve.
Taking an average over all windows, these curves represent the amplification factor and predominant
frequencies.

We use Geopsy software (www.geopsy.org) for the HVSR analysis. The data were divided into non-
overlapping 60-s windows to encompass the expected fundamental frequency, prevent repetition, and
guarantee that each window contains unique information. Each window was tapered with a Hamming
window and using the ratio of short-term average (STA) and long-term average (LTA) of 1 and 90 s, with
minimum and maximum ratios of 0.2 and 2.3, respectively, to reject transient signals. The individual HVSR
spectra were smoothed using a Konno-Ohmachi smoothing function [23] with a smoothing coefficient of
50 %. The horizontal component spectra have been computed by averaging E-W and N-S components using
a squared average. An example HVSR analysis for survey point 15 is shown in Figures 3(b) - 3(c), using
92 window segments selected for the average HVSR curve, which indicates the fundamental frequency of
0.28 Hz and an HVSR amplification of 5.4. In this analysis, a reliable HVSR curve and clear HVSR peaks
for the fundamental frequency of mean HVSR curves will be considered as a quality criteria according to
the recommendations in the SESAME guideline [24].

In the case of multiple peaks of the HVSR curve, we check each peak with the random decrement
technique [25] to measure the damping of signals around the narrow frequency range of interest to identify
industrial vibration sources (machines, water pumps, buildings, trees, etc.). Very low damping ratios of 1
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% or less indicate that these HVSR peaks originate from anthropogenic sources, which we do not use in
the interpretation or the HVSR inversion. An example of multiple peaks case is shown in Figure 4.
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Figure 4 Assessing multiple peak HVSR results for human or natural sources by random decrement
technique to estimate damping of horizontal component signals recorded (survey Point 2). (a) The HVSR
curve shows 2 peaks at frequencies ~0.27 and ~1.6 Hz. (b) Horizontal component data filtered between
0.17 and 0.4 Hz; the average damping ratio of the fitted curve is ~10.7 %. The black solid line is the average
curve with the red line being the fit to the curve by an exponentially decreasing sine function. (c) Horizontal
component data filtered between 1.3 and 1.9 Hz; the average damping ratio of the fitted curve is ~0.8 %.

HVSR inversion

For the HVSR method, an inversion technique is used to estimate the value of the shear wave velocity,
density, and Poisson’s ratio of the subsurface [26]. We wused TerraWare-HV code
(https://github.com/sainosmichelle/TerraWare-HV) in the HVSR inversion process to compute the
inversion of the HVSR curve for shear wave velocity profiles based on the diffuse field assumption. The
HVSR curve as a function of the angular frequency (w) can be represented as the energy density of the
diffuse field, which is directly related to the imaginary component of Green's functions (G;4, G,2, G33) at
the source (x) according to the formulation [26,27];

[HVSR](w) = J’m[an(x.x:w>1+1m[czz<x,x;w>]

Im[Gz3(x,x;w)]

The components of the Green’s function are related to geometry and material properties of the layered
media in terms of P and S wave velocity, densities, and thickness. The inversion of HVSR curve is solved
by adjusting geometry and material properties to satisfy data observations. This approach can be found in
other studies, such as Garcia-JerezandPina-Flores [27] and Sanchez-Sesma et al. [28], with application to
Ischia Island (Italy) [29] and Bengal Basin (Bangladesh) [30].

We assumed a 16-layer starting model where the layer thickness varied (Table 1) depending on the
fundamental frequency (f) of the HVSR curve, which is estimated from the shear wave velocity in the
Chiang Mai basin obtained in previous studies [5]. The thickness (h) is the relationship between shear wave
velocity (V;) and fundamental frequency according to the equation h = V;/4 - f, [24]. This was done
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because the layer thickness and shear wave velocity are the most influential variables for the theoretical

transfer function [31,32].

Table 1 The thickness values for the initial model at different fundamental frequencies.

Fundamental frequency Thickness

<03 Hz 350 m
0.3-0.5Hz 300 m
0.5-0.7Hz 250 m
0.7-0.9 Hz 200 m
0.9-1.0Hz 150 m
1.0-3.0Hz 100 m

>3.0Hz 50 m

We set the inversion process to search from the initial model parameters for Poisson ratios between

0.25 to 0.5, shear wave velocity between 100 to 700 m/s, and mass density between 1,000 - 3,000 kg/m®.
We allow the inversion to minimize the misfit function with 400 iterations to get the best-fitting model to
the observed shear wave velocity structure data. For example, Figure 5 shows the HVSR inversion result
of survey point 24 with a fundamental frequency of 0.3 Hz that provides a good fit between observed and
inverted HVSR after 400 iterations, the misfit error converges from 0.078 to 0.004 by obtaining a subsurface

profile down to 300 m.
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Figure 5 HVSR inversion results for velocity profiles of the survey point 24 in San Kamphaeng District.
(a) Comparison between the observed HVSR curve and the HVSR inverted model. (b) Convergence of
model misfit. (c) The subsurface profile from the HVSR inverted model of the P-wave velocity, shear wave
velocity, density, and Poisson’s ratio.
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Results and discussion

Earthquake ground motion can cause potential damage or resonance if the building fundamental
frequency is close to the soil fundamental frequency. The dynamic characteristics of soil depend on
frequency, amplitude, and duration of vibrations. Hence, it is important to generate a seismic microzonation
map for the Chiang Mai basin, according to the HVSR curve frequency-amplitude.

Map of fundamental frequency and amplification factor

Our fundamental frequency map of the Chiang Mai basin is shown in Figure 6. It was generated using
the well-defined peak in the HVSR curve results. Approximately 70 % of all survey points met reliability
and clear H/V peak criteria, and those results were gridded using adjustable tension continuous curvature
splines (GMT surface interpolation).
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Figure 6 Map of the fundamental resonance frequency of sediment deposits of the Chiang Mai basin,
Thailand derived from HVSR curves. The topography around the basin including active fault (red line) and
all survey points (purple square) are shown.

We found very low fundamental frequencies ranging from 0.15 - 0.4 Hz in the middle of the Chiang
Mai basin, indented to the west of the basin. This means that there is a thick layer of sediment in the middle
of the basin, with increasing fundamental frequency approaching the edge of the basin. This is in close
proximity to the location of the basin depocenter interpreted from gravity data in the Chiang Mai basin area
[2,4]. The very low frequency resonance (0.2 - 0.4 Hz) is intended for areas with a bedrock depth of 500 -
1,800 m [33]. An interesting result is that the western edge of the basin shows distinctly low fundamental
frequencies (~0.5 Hz) adjacent to the highland. This is related to the observed very rapid Bouguer gravity
anomaly increase toward the Doi Suthep mountain [4], indicating that the western margin of the Chiang
Mai basin has a steep slope. On the eastern side of the basin, the frequency gradually increases from the
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central basin to the mountain range, representing the low-angle west-dipping Carboniferous basement on
the eastern edge of the Chiang Mai basin [5].
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Figure 7 Map of ground motion amplification (Ao) of a sediment deposit of the Chiang Mai basin, Thailand
derived from HVSR curves for frequencies less than 2 Hz.

The ground motion amplification (Ag) of the HVSR curves is affected by the density contrast between
a basal hard layer and the overlying soft sediment layer. The amplification of ground motion in Chiang Mai
basin from the HVSR amplitude ratio for frequencies less than 2 Hz (displayed in Figure 7) shows that the
amplification factor ranges between 3 - 5 times in the middle of the basin along the Ping River and the
Kuang River. This is especially the case in the Mueang Chiang Mai and San Kamphaeng districts with the
highest amplification factor of about 5 times.

We also analyzed HVSR using earthquake waveform data from the 5 May 2014 ML6.3 Mae Lao,
Thailand earthquake, (the largest earthquake in modern Thai history), and the 21 July 2022 ML6.4 Keng
Tung, Myanmar earthquake. For both of these earthquake events, shaking was reported by many residents
in Chiang Mai [34]. We use waveforms observed at the CMMT station located on rock (Doi Suthep) and
the CMCA station located in the basin (Chiang Mai Airport) (both operated by the Thai Meteorological
Department (TMD) [35]). The station locations are shown in Figure 7, We compare these results to the
resulting HVSR curves between rock and soil sites. The distance from the Mae Lao, Thailand, and the Keng
Tung, Myanmar earthquakes to these seismic stations is about 130 km and 290 km respectively. The
average HVSR curves for rock and basin sites are shown in Figure 8(a). The CMMT station has a flat
HVSR curve with no amplification, consistent with it being a hard rock site suitable as a reference site,
while the amplification of the HVSR curve of the CMCA station from 2 earthquake events shows ground
shaking amplification up to 4 - 4.5 times at a resonance frequency of about 0.4 - 0.5 Hz, which corresponds
to the HVSR fundamental resonance frequency and ground motion amplification results we obtained from
microtremor measurement at the Chiang Mai airport area and shown in Figures 6 and 7. The second peak
(high frequency peak of ~5 - ~6 Hz) was found to be significantly related to the shallow impedance contrast
between soft clay and gravel [36]. Figure 8(b) shows the raw acceleration records of the 21 July 2022
ML6.4, Keng Tung, Myanmar earthquake, and we observe that the CMCA station has a peak ground
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acceleration (PGA) o 0.0192 m/s?, which is approximately 4.5 times higher than the CMMT station (0.0043
m/s?) which is related to the amplifying effect seen in the HVSR curve.
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Figure 8 (a) average HVSR curve of the CMCA station on the soil site (solid line) and CMMT station on
the rock site (dotted line) derived from the 5 May 2014 ML6.3 Mae Lao, Thailand earthquake (red) and 21
July 2022 ML6.4 Keng Tung, Myanmar earthquake (blue). The dashed gray line indicates the minimum
and maximum HVSR curve of the CMCA station of both events. (b) Raw acceleration records of 21 July
2022 ML6.4, Keng Tung, Myanmar earthquake comparing the peak ground acceleration (PGA) of basin
site (CMCA) and rock site (CMMT), with its epicenter around 290 km to both stations.

Vs30 and NEHRP site classification

The average shear wave velocity to 30 m depth (Vs30) for each survey point is determined from
inversion of the ambient noise HVSR curve. The map of Vs30 across the Chiang Mai basin is shown in
Figure 9. We found that the Vs30 was significantly lower in the middle of the basin, in Muang Chiangmai,
Saraphi, the south part of Sansai district, and the north part of Lumphun province, where the Vs30 value
ranged from 150 to 250 m/s. This corresponds to a geologic soil profile where the soils are mostly soft
sediments from alluvial plains and floodplain deposits. These Vs30 results agree with the results from
MASW method in [6] and the inversion using the Centerless Circular Array survey method in [9]. We
classify soil types according to the National Earthquake Hazard Reduction Program (NEHRP)
classification, using the Vs30 value. The soil classification map is shown in Figure 10. The lowest Vs30
values, which are in the north part of the Saraphi district and are lower than 180 m/s, place this site as class
E (soft soil). The class D soil (stiff soil) area corresponds to the alluvium sediments (Qa) shown in the
geologic map (Figure 2). The class C soil (very dense soil) area matches the tertiary and quaternary basin
sediments (Qt) on the geologic map and are consistent with the results from SPAC method in [8]. It can be
seen that most Qt sediment is located on the eastern edge of the basin.
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Figure 9 The spatial variability of the average shear wave velocity Vs30 map of Chiang Mai basin, Thailand
derived from HVSR inversion.
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Figure 10 Site Classification map of Chiang Mai basin by NEHRP classification.
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Conclusions

The Chiang Mai basin and the major part of Chiang Mai City are situated on unconsolidated sediments
derived from the Ping River and Kuang River. These sediments have a low fundamental frequency, which
ranges from 0.15 - 0.4 Hz in the middle and extends to the west of the Chiang Mai basin, which is proximal
to the location of the basin depocenter. The western edge of the basin has low frequencies (~0.5 Hz) adjacent
to the highlands, indicating a steep slope to the western margin of the Chiang Mai basin. On the eastern
side of the basin, the fundamental frequency gradually increases from the central basin to the mountain
range. This likely represents a low-angle dipping basement contact of the eastern edge of the Chiang Mai
basin. Most of the Chiang Mai basin area is classified as site D soil (stiff soil) using the Vs30 NEHRP
classification. This indicates that the Chiang Mai basin is at high risk from seismic amplification that
amplifies ground motion between 3 - 5 times in the middle of the basin, especially in the cities of Chiang
Mai and San Kamphaeng.
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